This paper presents a method to obtain submicron-and nanometer structures of different oxide films and heterostructures combining e-beam lithography and chemical etching. The most relevant advantage of this method is that structures of tens of microns in length and below ∼100 nm width can be produced, keeping the intrinsic bulk film properties, as proven by electrical transport measurements. In this way our method provides a bridge that connects the attractive properties of oxide films and the nanoworld.
Introduction
The development of oxide materials has been one of the important engines in solid state physics during the last decades. From semiconducting [1] , superconducting [2] to ferromagnetic and ferroelectric oxides [3] , all the main condensed matter fields were boosted by these compounds. On the other hand, a broad application of oxide thin films and multilayers within nanotechnology still remains a challenge. Thin films play a key role in the development of these devices. Therefore, it is extremely important to have a simple, inexpensive and reliable method to build micron-, submicron-and nanostructures of different oxide films. The aim of this work is to present a method that combines lithography and chemical etching to obtain submicron-and nanopatterns in different oxide films and heterostructures. In particular we have used electron-beam (e-beam) lithography due to the flexibility in the final patterns that can be drawn in the electron-beam resist: however, similar results can be achieved using other lithography techniques.
Many efforts for micro-and nano-patterning of oxide films have been made in recent years. One possibility is the use of in situ nano-patterning during the oxide film growth but this possibility has not materialized yet. A combination of e-beam lithography and ion-beam etching is the option that many groups have chosen nowadays [4] [5] [6] . However, the drawback of this method is the ion contamination that the thin film suffers during patterning, losing in this way its intrinsic properties. We describe here an experimental method that combines e-beam lithography with wet chemical etching, allowing us to create micron-, submicron-and nanostructures in different oxide films such as La 1−x Ca x MnO 3 (LCMO), La 1−x Sr x MnO 3 (LSMO), YBa 2 Cu 3 O 7−δ (YBCO), ZnO, Fe 3 O 4 and PbZr 1−x Ti x O 3 (PZT) avoiding any contamination. Other groups have tried a similar approach in some of the above-mentioned compounds [7] [8] [9] [10] . However, in contrast to those works, our method allows us to study oxide materials at micron-, submicron-and nanometer length scales with well-defined cross sections and small roughness, as demonstrated in the following sections. As an example, in section 4 of this paper the evolution of the electric transport properties of ferromagnetic metallic La 0.7 Sr 0.3 MnO 3 is described as a function of wire width from ∼100 µm down to ∼0.1 µm.
Experimental details
The first step is to check if the e-beam resist (PMMA 950K, AR-P 671-05) layer remains intact after the immersion in the corresponding acid solution that will constitute the etchant for the particular oxide material. This procedure has been checked successfully for all the acid solutions investigated, see table 1.
After this, an e-beam writes an arbitrary pattern on the resist that covers the oxide film. The parts of the PMMA exposed to the e-beam are removed using the corresponding developer (AR 600-55). The regions of the film covered by this resist will be protected from the acid solution, while the rest of the film will be removed after immersion in the corresponding acid solution, as can be seen in the images of figures 1(a) and (b). Following this procedure and tuning the solution concentration and the etching rate for each oxide film (see table 1 ), a controlled design of micro-and nano-patterns can be achieved, see the images in figures 1(c)-(e). Table 1 summarizes the most concentrated solutions we have used (with the higher etching rates). However, we have checked that the dilution of these ones leads to lower etching rates without degradation of the nanostructural features. A linear relation between the total thickness of the oxide film (ranging from 20 to 500 nm) and the total immersion time in its corresponding acid solution has also been proved. It is also important to note that, in all the fabricated submicron structures, the total etching time for a particular etching solution is always much less than the time required to produce an etching of the oxide substrate. This was verified by immersing different substrates (SrTiO 3 , Al 2 O 3 , etc) with a patterned PMMA on top in the etching solutions listed in table 1 during several minutes, resulting in unchanged surfaces.
Results and discussion

General characteristics of the patterned structures
The AFM and SEM images of figures 2 and 3 show some of the main features of the structures. In figure 2 , AFM images
show an LSMO structure varying in width continuously from several tens of microns down to ∼470 nm. Figures 3(a) and (c) present AFM images of LSMO nanoconstrictions of ∼64 nm and ∼300 nm width, respectively. Relevant characteristics of the fabricated structures are the sharpness of the edges, the well-defined cross section, see figures 2 and 3(e), the small roughness and the large extension along one direction, as can be noticed in figure 2 . The cross-section profiles of figures 2 and 3(e) show a sloping angle α ∼ 35 • C, a feature that is present in all the fabricated nanostructures. Hence, for a fixed patterned width on the PMMA (minimum width ≤ 100 nm), w PMMA , the resulting width of the oxide film, w, is approximately equal to the difference between w PMMA and 2t tan(α), where t is the total thickness of the oxide film. We have experimentally verified this relation for all the oxide films listed in table 1 (with thicknesses from 20 to 500 nm) with their corresponding chemical etchant (also listed in table 1). On the other hand, if the etching process is isotropic α ∼ 45 • C. However, in our nanostructures it seems that the etching rate in the vertical direction (listed in table 1) is ∼cot 35 • = 1.43 times larger than in the horizontal direction. Our starting oxide thin films were mainly grown by pulsed laser deposition (PLD) and post-annealed in oxygen atmosphere above 300 • C in most of the cases, resulting in epitaxial or textured films with a high crystalline anisotropy [11] [12] [13] [14] [15] that is reflected in their physical and chemical properties. Hence we do not discard the possibility that the chemical solutions listed in table 1 etch in a preferential crystalline direction of our oxide thin films. A detailed explanation of this mechanism is beyond the scope of this work. The patterning method presented in this work is not limited to the development of nanostructures in onecompound films. The design and fabrication of nanostructures in oxide superlattices is also possible. Figure 3(b) shows a ∼800 nm wide and ∼50 nm thick wire produced by the present method, starting from a PZT/LSMO multiferroic heterostructure [11, 12] . With the patterning method it was possible to solve the problem of 'short-circuited layers' at the edges of the substrate [11, 12] providing new possibilities to study the perpendicular-to-plane electric transport properties of oxide heterostructures.
Size effects in a ferromagnetic LSMO film
In this section the magnetotransport properties of a patterned LSMO film are discussed. Since the transport properties of manganites sensitively depend on the electrondefect interaction and electron-phonon coupling, transport measurements are a versatile tool to assess structural deficiencies introduced by the patterning procedure. Here temperature-dependent resistivity measurements are used to assess changes in the intrinsic transport measurements, whereas magnetoresistance measurements are used to probe size effects on the magnetic domain patterns. The latter are expected, since the final lateral size of 470 nm is of the order of the typical size of magnetic domains. Figure 4 shows the normalized resistivity as a function of temperature for the 35 nm thick, ∼470 nm wide LSMO wire, characterized before by the AFM images in figures 2(a)-(c) in comparison with the full film before patterning. Both curves exhibit the typical metallic-like behavior below the ferromagnetic transition (T c 360 K) [16] and agree in the whole range of temperature. This is an outstanding finding, which implies that the intrinsic film properties remain unaffected when going from the as-prepared film to the submicrometer structure. Within experimental resolution one might conclude that our fabrication method avoids any contamination or degradation of the original film. These data confirm that the scattering mechanisms for the carriers, dominated by magnon scattering processes [3] , do not change when the width of the LSMO strip is reduced to the order of ∼500 nm.
In order to check for the existence of size effects we have studied the magnetoresistance MR = (R(H) − R(0))/R(0) in LSMO bridges of different widths, namely 80, 2 µm and 470 nm. In figure 5 the magnetic field dependence of the MR for the three samples is presented. Figure 5(a) shows Figure 2 . AFM images of a continuous LSMO structure varying in width from several tens of microns down to ∼470 nm. The bottom trace shows a cross section of the nanostructure (thickness ∼ 35 nm). From this trace one can estimate that the sloping angle is at least 35
• C, a lower limit set by the rounding of the AFM tip.
the corresponding data for magnetic fields H perpendicular to the film plane and perpendicular to the electrical current density J, whereas figure 5(b) shows the in-plane MR data for the magnetic field parallel to the current density. In both field orientations the high field magnetoresistance is negative and does not depend on the width of the LSMO bridge, in agreement with the results of figure 4 , showing again that the intrinsic transport properties are not affected by the patterning. The low field magnetoresistance depends on the sample width as can be seen in the low field region of figure 5 and in more detail in figure 6 . Figure 6(a) shows the transverse magnetoresistance for magnetic fields perpendicular to the film plane. The MR at low fields is positive and reaches a maximum at H max as reported before for unpatterned LCMO films [17] . Phenomenologically, the observed behavior was addressed as arising from anisotropic magnetoresistance and can be explain as follows [17, 18] . LSMO and LCMO films-grown under tensile strain on SrTiO 3 substrates-have only a weak magnetocrystalline anisotropy such that the dominating shape anisotropy keeps the magnetization parallel to the film. In order to estimate the resistance change with magnetic field we need to take into account that a magnetic field H applied normal to the film plane rotates the magnetization vector of each of the magnetic domains towards the surface normal by an angle
(measured with respect to the surface normal) given by cos ∝ H/(1 + (H K /M S )), where H K = 2K ⊥ /(µ 0 M S ) is the effective anisotropy field, K ⊥ is the magnetocrystalline anisotropy constant and M S is the saturation magnetization. Therefore, the magnetization rotation from the in-plane to the perpendicular-to-plane direction leads to a resistivity increase at low fields ρ ∝ cos 2 ∝ H 2 , which is indeed observed in the 470 nm wide sample, see figure 6 (a).
Details of the field dependence and magnitude of the resistivity increase depends on the micromagnetic structure, the degree of tetragonal distortion of the film, the value of the magnetocrystalline anisotropy and the alignment of the applied field with the surface normal. The anisotropic magnetoresistance (AMR) is, in general, larger for magnetization rotations from the in-plane longitudinal ( H Î ,Î is the in-plane current direction) to the perpendicular transverse direction than for rotations from the in-plane transverse ( H ⊥Î) to the perpendicular transverse direction. Therefore the difference in the positive MR values between the 80 µm wide and the narrower samples indicates a preferential orientation of the magnetization along the sample axis in the case of the 2 µm and 470 nm wide samples. Whereas in the 80 µm wide sample the orientation of the in-plane magnetic domains are at random. This is in agreement with observations of the typical magnetic domains size in LSMO of about 1 µm [19] [20] [21] . The deviations from the quadratic field dependence at low fields is very probably due to the influence of a parallel field component due to the misalignment of the applied field.
The field H max , corresponding to the MR maximum in the perpendicular-to-plane configuration, is determined by the competition between the positive anisotropic MR explained above and the negative colossal MR (CMR). Since the CMR depends on the magnetization changes induced by the applied magnetic field, H max is strongly influenced by the anisotropy constant K ⊥ as well as by the micromagnetic structure.
These factors lead to deviations of the internal magnetic field B/µ 0 = H − M from the value one would have obtained in a homogeneously magnetized films in a perpendicular field. Therefore changes in H max are not straightforward to interpret and do not correspond to the coercive fields. Figure 6 (b) shows the MR of the stripes for field parallel to the film. The peak in the MR occurs at the coercive field H c , in contrast to the perpendicular direction. The data show a shift of H c to higher fields when the width of the stripes is reduced, in agreement with a shape anisotropy contribution, previously seen in Co and NiFe nanowires [22, 23] . Note, however, that our H c values are in disagreement with those calculated for LSMO nanowires assuming only a shape anisotropy contribution [24] , indicating that domain-wall pinning [25] and/or buckling of the magnetic moments [26] should be taken into account to understand the increase of the coercive field with decreasing wire width.
Conclusion
This paper provides a new path for the nano-patterning of oxide materials. The combination of e-beam lithography and wet-etching techniques allows for the design and fabrication of oxide micro-and nanostructures, starting from a thin film or multilayer and avoiding any contamination. In particular, electrical transport measurements of LSMO submicrometer structures reveal that the micromagnetic structure affects the magnetoresistance at sample sizes below 2 µm. 
